Abstract Opportunistic observations captured the coupled estuarine-shelf interactions as the Alabama coastal region transitioned from a period of low to flood river discharge conditions. The period of focus was 18 February to 10 April 2011 during which time a combination of in situ (water level, salinity and velocity) and remote sensing (ocean color) data provided information on the estuarine and shelf environment prior to, during, and post a major river discharge event that captured a relatively rare spatially synoptic view of the structural evolution of a discharge plume in response to changing forcing conditions. The discharge event generated major changes in the hydrographic conditions and forcing responses within the estuary and on the shelf. The resulting surface advected plume was observed for approximately two weeks, during which time the observed differences in shelf circulation were directly linked to the discharge plume and a plume bulge with anticyclonic circulation was identified at times throughout the event. The plume was exposed to a range of wind conditions which modulated the surface structure: downwelling winds elongated the plume structure and upwelling winds reversed and widened the plume. The influence of wind forcing, even during very low wind (<3.75 m s
Introduction
The coupled interactions between an estuary and the adjacent coastal ocean are critical to structuring the flow field and subsequent transport pathways of material exchange between the estuary and shelf. Strong differences in density that are often associated with the transition from estuarine to shelf environments, commonly result in the formation of discharge plumes, which are major features in many coastal regions throughout the world [e.g., Wiseman et al., 1997; Chant et al., 2008a; Hickey et al., 2010] . Much work has been focused on the structure and dynamics of discharge plumes and their role in determining estuarine/ shelf exchange and coastal circulation [Chant et al., 2008b; Horner-Devine et al., 2009; Hetland, 2010] . While the structure and dynamics of discharge plumes can take on a wide range of characteristics, surfaceadvected plumes are quite common in the coastal ocean and are often described as consisting of three regions: the source, near-field, and far-field [Garvine, 1974] .
The source region is identified as the area near the entrance of the estuary, in which the plume separates from the seafloor . The source region is immediately followed by the near-field, which is primarily controlled by the momentum of the riverine/estuarine discharge and is, as a result, typically supercritical [Hetland, 2010] . As outflow transitions to subcritical conditions, the far-field region develops. This region is outside the influence of the estuarine/riverine derived momentum, being controlled by buoyancy and Coriolis force, and is the region from which the plume is ultimately dispersed into the ambient shelf water. The far-field region often develops into a coastal trapped, geostrophically-balanced flow called the coastal current region [Hunter et al., 2010] . In addition, an intermediate stage between the near and far-field, consisting of a recirculation region, can exist. This ''bulge'' region of anticyclonic rotation is weakly cyclostrophic being influenced by both Coriolis and discharge momentum [Horner-Devine, 2009] . While common in laboratory [Horner-Devine et al., 2006, Avicola and Huq, 2003a,b] and modeling studies [Fong and Geyer, 2002; Choi and Wilkin, 2007] , bulge regions have only been identified in a few coastal oceans including Columbia River [Horner-Devine, 2009 ] and Hudson River [Chant et al., 2008b] .
The structuring of discharge plumes is highly dependent on a range of internal and external conditions. Studies have shown that estuarine dynamics [Hetland and Geyer, 2004; Nash et al., 2009] , estuary/coastline configuration [Avicola and Huq, 2003b; Chant et al., 2008b] and ambient forcing conditions [Fong and Geyer, 2001; Whitney and Garvine, 2005] all contribute to discharge plume characteristics and that these characteristics have a profound impact on regional transport and retention of materials associated with the plume. For example, estuarine mixing, within and prior to the source region, has been shown to impact the formation of the recirculation plume region and the relative distribution of freshwater contributions into the recirculation or coastal current regions of the Hudson River plume [Hunter et al., 2010] . Thus, the interaction between the estuarine system and the coastal ocean is critical in determining estuarine/shelf exchange, coastal circulation, and the overall fate of material into or out of the coastal zone.
To this effect, we examined aspects of the coupled estuarine-shelf response during the transition from low to high river discharge in Mobile Bay and the adjacent coastal region, a major source of fresh discharge to the Mississippi Bight in the northern Gulf of Mexico (Figure 1 ). Mobile Bay is a microtidal (tidal range of 0-0.4 m), river-dominated estuarine system that receives freshwater primarily from the Alabama and Tombigbee rivers with a long-term ) mean daily discharge of 1715 m 3 s
21
, one of the largest discharge volumes in the continental U.S [Dzwonkowski et al., 2011] . While the bay itself is relatively large, approximately 50 km in length and 14-34 km in width, its connections to the shelf and Mississippi Sound are narrow and shallow (Figure 1) . Main Pass, the bay's direct connection to the shelf, on average accounts for an estimated 64% of the exchange [Kim and Park, 2012] and is about 5.5 km wide and 3-4 m deep outside a narrow (500 m) and deep (13-14 m) ship channel. Mobile Bay's connection to the eastern Mississippi Sound, Pass-aux-Herons, is <4 km wide and <3 m deep. Thus, large amounts of freshwater are confined to relatively narrow passes. Discharge plumes exiting onto the shelf are a regularly occurring phenomenon .
A few studies, using a limited number of satellite images, have documented some of the characteristics of Mobile Bay plumes and their response to environmental parameters [Schroeder et al., 1985; Abston et al., 1987; Dinnel et al., 1990; Stumpf et al., 1993] . However, none of these studies discussed the formation or presence of a recirculation region or coastal current. Using drifters and a pair of current meter moorings to the west of Main Pass, Gelfenbaum and Stumpf [1993] did observe a flow parallel to the shore in a buoyant layer that resulted from a small-scale (Froude number $2), geometrically forced plume, however, the regional bathymetry has changed in recent years and the narrow gap between Dauphin Island and the Pelican/Sand Island bar complex, through which the freshwater plume used to be forced by wind, no longer exists. This altered morphology has been documented in the past [Jones and Patterson, 2006] and the recent Figure 1a , with coloration indicating bathymetry. Wind data were obtained at two NDBC stations, DPIA1 on Dauphin Island (DI) and 42012 offshore of Orange Beach, AL (OB) (Black square). Current velocity data were obtained from ADPs at sites CP, w12, e19, and e12 (Red circle). Salinity data were obtained at multiple locations (black triangle), including bottom salinity at stations DI and MP; and profiling data at station MBL. Water level data were obtained at DI and CG (Black diamond). A transect for a hydrographic survey of CTD castings on 15 March 2011 is also shown (black circle); note this transect includes station CP. The inset in Figure 1a shows the study site of the western portion of the Mississippi Bight (black box) in relation to the northern Gulf of Mexico. PI in Figure 1b indicates the region of the Pelican/Sand Island bar complex.
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occurrence appears to be an increasingly stable feature, i.e., the connection region appears to be increasing in width and dune/vegetative growth. Consequently, there is only a limited understanding of the discharge plume associated with Mobile Bay, a river-dominated system typical of northern Gulf of Mexico estuaries.
The overall goal of this study is to examine the estuarine-shelf characteristics and interactions during a large-scale discharge event in a river-dominated system, typical of the central northern Gulf of Mexico. In particular, this study focuses on characterizing the temporal and spatial changes in the coastal environment during the transition from low discharge through flood conditions as well as the subsequent evolution and dynamics of the resulting discharge plume. By examining the details of a specific discharge event, this study compliments other regional studies that have examined the seasonal transport of freshwater through this region [e.g., Morey et al., 2003] as well as the impact of freshwater discharge on seasonal circulation patterns [e.g., Dzwonkowski et al., 2014] . This study provides evidence that the vertical structure of the horizontal current velocity previously observed in the seasonal mean flow (i.e., negatively sheared upper layer with velocity trending toward the westward direction) is due to estuarine-shelf interactions and that these interactions drive significant spatial variability at event time scales as evidenced by the velocity difference in the surface layer between sites during specific periods of plume exposure. Furthermore, this study identifies the existence of an anticyclonic bulge region during the discharge event, a circulation feature that has been rarely observed in coastal environments.
Data and Methods
Data Sources
The system response during a transition from low to high discharge was captured with a combination of in situ and remote sensing data sets. This study focused on late winter/early spring from 18 February to 10 April 2011 as this was an opportunistic window in which data from various sources were available prior to, during, and post a major river discharge event. Within the estuary, the data were primarily derived from salinity sensors located at several sites throughout Mobile Bay (Figure 1 ). Salinity data were obtained from the Mobile Bay Environmental Monitoring Program (www.mymobilebay.com), a real-time monitoring network supported by the Dauphin Island Sea Lab and the Mobile Bay National Estuary Program. Stations were distributed along a north-south transect allowing characterization of gradients along the bay. Salinity was measured using YSI 6600 V2 and V4 water quality sondes. At two stations (DI and MP), the sondes were moored at a static depth of 0.5 m off the bottom (site water depths $3 m), producing time-series data with Dt 5 0.5 h. At station MBL, a vertical profiler produced hourly data at 0.5 m intervals which were interpolated to constant depth intervals between 0.75 and 2.75 m below the surface (site water depth $4.5 m). The sondes were cleaned and calibrated at least every four weeks, more frequently when dictated by heavy fouling.
On the inner shelf, water column velocity data were obtained at four sites using Acoustic Doppler Profiling (ADP) instruments (Figure 1 ). The velocity data were collected with 5 min averages every 20 min at 0.5 m vertical bins, which were subsequently hourly averaged. Site CP has been maintained since 2005 as a component of the Fisheries Oceanography in Coastal Alabama (FOCAL) program and the data from the remaining three sites is a subset of a 2011 Gulf of Mexico Research Initiative (GOMRI) project; additional details for the velocity data can be found in Dzwonkowski et al. [2014] . In addition, hydrographic data from a CTD survey on 15 March 2011 along a transect from inside Mobile Bay out to the 35 m isobath, approximately 50 km offshore were used (Figure 1 ). The in situ data were complimented with satellite-based ocean color data derived from AQUA/MODIS and MERIS sensors during the time period of 11-24 March 2011. This was a period of unusually clear atmospheric conditions, which allowed a sequential set of images of the study area to be obtained. AQUA/MODIS and MERIS L2 data were downloaded from the NASA ocean color webpage (http://oceancolor.gsfc.nasa.gov/) from which chlorophyll-a data were extracted using SeaDAS software. The spatial resolution of the resulting images was 1.1 km for MODIS and 0.3 km for MERIS.
Additional physical data, including meteorological data, freshwater discharge, and water levels, were obtained from various sources (Figure 1 ). Hourly wind and atmospheric pressure data were collected from the NOAA National Data Buoy Center (NDBC) station DPIA1 at Dauphin Island and station 42012 offshore of Orange Beach, Alabama. Daily discharge data for the Mobile River system were obtained at two U.S. Geological Survey gauging stations for the Alabama River (31832'48"N, 87830'45"W: USGS 02428400) and the Figure 1 , respectively. Data at DI were considered to be representative of water level along the coast while the average data of CG and DI were considered to be representative of water level inside Mobile Bay (hereinafter, referred to as coastal water level and bay water level, respectively).
Data Processing and Analysis
Several basic procedures were applied to the current velocity, salinity, and forcing data. The data are generally continuous and, given the focus on the low frequency characteristics of the flow field, any short gaps of 12 h or less were filled using linear interpolation. In processing the velocity data, several near-surface data bins were excluded from the analysis to avoid side-lobe contamination and potential biasing due to wave effects, i.e., the effects due to the lowered water surface during the passage of wave troughs. A distance of approximately 15% of the water depth was lost as a result of these effects. Different deployment frames for the ADPs resulted in slightly different bottom-most bin heights 1.5-2 m. The bottom-most bin at site e19 was removed due to poor data quality which resulted in data between 2 and 16.5 m above the bottom whereas data were obtained between 2 and 17.5 m above the bottom at site CP. At the inner sites, w12 and e12, data were collected between 1.5 and 10.5 m above the bottom. Estimation of the velocities in the region of the water column not sampled by the ADPs requires some assumptions. In this study, the vertical shear from the upper most bins was determined and then assumed to linearly decrease to zero at the surface following Stacey and Ralston [2005] . The appropriateness of this method under different conditions is not clear (e.g., during high wind conditions), but this method has been used in other studies of plume dynamics, e.g., Chant et al. [2008b] and Jurisa and Chant [2012] . Wind data measured at 13.5 and 5 m above sea level at DI and OB, respectively, were standardized to 10 m above sea level using a log wind profile and wind stress was estimated using the bulk formula of Large and Pond [1981] . With the exception of daily freshwater discharge, a low pass 40 h Lanczos filter was used to isolate the low frequency processes in the time series data. There were several notable gaps in the salinity time series at MBL; so we also considered instantaneous data to better understand some aspects of the data that were lost in the filtering process.
After filtering, the subtidal water level was adjusted for atmospheric pressure using an inverse barometer correction (Physical Oceanography Distributed Active Archive Center; ftp://podaac.jpl.nasa.gov/allData/ jason1/L2/j1_ssha/docs/j1ssha_manual_v2.html). A proxy for the volume flux from Mobile Bay was calculated using the water level data from DI and CG in conjunction with the river discharge data. The first-order estimate of the volume flux (Q T ) was calculated as:
where A MB is the surface area of Mobile Bay, d(g avg )/dt is the time rate of change of the average water level in Mobile Bay, and Q R is the negative of the 6 day lagged river discharge. The average rate of change of water level (dg avg /dt) was estimated using the average water level at stations CG and DI as the fluctuations are nearly synchronous . The first term on the right hand side of equation (1) represents an estimate of the volume flux induced by the estuarine adjustment to coastal water level. A lag of 6 days in the river discharge is consistent with the estuarine salinity data during the discharge event (section 3.1) and previous work examining the propagation time of discharge from the river gauging stations to the bay, i.e., O(5-9 days) [Schroeder, 1979; Wiseman et al., 1988] . Of the two passes, on average, Main Pass is responsible for a large fraction of the water exchange, however, there is significant variability at the event timescales in the relative contribution of each pass [Kim and Park, 2012] . Consequently, 75% of Q T was used as a first-order estimate of volume flux through Main Pass. Although this is larger than the average of 64% reported in Kim and Park [2012] , it is consistent with Kim and Park [2012, Figure 7 ] that shows the outflow through Main Pass is typically above average during periods of high discharge, the focus period of our study. This percentage is also within the estimates of other previous studies, i.e., 67-85% in Austin [1954] and Schroeder [1978] .
The satellite-derived chlorophyll-a data were used as a proxy for tracking the discharge plume as many substances, including nutrients, colored dissolved organic matter, and suspended sediment are associated with contour was used as an approximate plume boundary as this was consistent with the observed salinity structure in the CTD data presented in section 3.2. The coastline orientation along the northern Gulf of Mexico in the study area is primary east/west (908/2708 axis), which is roughly consistent with the principal axes of the depth-averaged low frequency currents [Dzwonkowski et al., 2014] . In this study, east-west and north-south orientations, with eastward and northward directions being positive, were used for the along and across-shelf directions, respectively. Note that along-shelf and across-shelf are equivalent to across-estuary and alongestuary, respectively. Correlation analysis was performed at low frequency time scales. Unless stated otherwise, the correlations were considered significant at the 95% confidence level.
Results
Forcing Conditions
Mobile Bay and the Mississippi Bight are strongly affected by discharge and the characteristics of the Mobile Bay river system are critical to understanding the coupled estuarine-shelf response in the Alabama coastal region. Peak discharge from the Mobile Bay watershed is typically delivered in the late winter and early spring ( Figure 2 ). During this period, the variability in discharge is quite large as indicated by relatively large standard deviations (approximately 60-100% of the mean) and range (200-14,000 m 3 s 21 ). The episodic nature of the late winter/early spring season for 2011 is well illustrated in Figure 2 , which shows a number of large discharge pulses during this period. The largest event that occurred in mid-March exceeded 7500 m 3 s 21 ; discharge >7000 m 3 s 21 was considered as flood level following Schroeder [1979] and Schroeder and Lysinger [1979] . Events of this size are not unusual, typically occurring every 1-2 years. Prior to this event, the system was exposed to relatively low levels of discharge during the second half of February, while post event conditions were associated with several discharge pulses during the remainder of the spring.
Additional factors affecting the exchange between the shelf and the bay are wind forcing and its subsequent influence on coastal water level and estuarine surface slope. For much of the study period there were elevated wind conditions with low frequency events often exceeding 5 m s 21 (Figure 3 ). The strongest 
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wind events were consistent with cold fronts characterized by prefrontal winds from the southeast which then rotated clockwise to winds from the northwest. The lagged correlation between the north/south and east/west wind components were negative (r 5 20.48 with a lag of 9 h), consistent with this weather pattern. It should be noted that there was another significant correlation (r 5 0.54 with a lag of 56 h), however, the positive correlation and longer lag are not physically consistent with the characteristics of cold fronts expected during this period and thus was not considered to be physically meaningful. During low discharge conditions (18 February to 10 March), the negative correlation was even stronger (r 5 20.57 with a lag of 10 h) in which the passage of several cold fronts dominated the forcing conditions. 
Journal of Geophysical Research: Oceans
10.1002/2015JC010714
The wind forcing alters coastal/estuarine water levels, generating additional forcing agents on the shelfestuary system. Along-shelf wind accounts for a large portion of the changes in coastal water level (r 5 20.58 with a lag of 20 h), which occurred nearly synchronously with water level at CG (r 5 0.89 with a lag of 4 h) and this relationship is consistent with coastal Ekman circulation. Strong along-estuary wind events generated setup or set down within the estuary (e.g., 1, 6, and 10 March) as would be expected with a local response to direct wind forcing. The observed wind and water level characteristics are consistent with previous studies in the region [Schroeder and Wiseman, 1986; Wiseman et al., 1988; Noble et al., 1996; Kim and Park, 2012; Dzwonkowski and Park, 2012] .
Estuarine Response
The structure of the estuarine salinity signals were complex in several respects. During low discharge conditions, the salinity signals were dominated by 2-5 days fluctuations on the order of 63 psu, except at the surface of MBL which were 61-2 psu. As would be expected in a river-dominated system, there was a clear change in the system as the river discharge event unfolded, with the most striking feature being the large drop in salinity at all sites beginning around 10 March (Figure 3 ). Between 10 and 17 March, salinities decreased by 10-20 psu over this 7 day period and remained minimal for another 5-7 days (17-23 March). The only exception was MP at the head of the bay, which was nearly fresh over the entire study period. Not surprisingly, the timing of the salinity drop coincided with the onset of the discharge event and followed a sequential pattern down the estuary with surface salinity at MBL dropping first, followed by drops in the bottom layer salinity at MBL and then DI. During the onset of the drop, MBL maintained strong stratification with a surface to bottom difference of about 10 psu; a difference that was subsequently reduced to nearly zero by 23 March as the entire water column became fresh. This flushing based destratification is consistent with previous findings in Mobile Bay Noble et al., 1996] . Given that the rate of decease between the bottom layer at MBL and DI was similar, the advective speed of the discharge propagation was estimated to be about 10 cm s 21 from the distance between sites ($20 km) and the time lag in signals between the two sites ($2 days). The region of the Bay between MBL and DI experiences a significant widening, but for a discharge level of $6000 m 3 s 21 , with mean depth of 3 m and a width of $30 km, the flow speed would be expected to be on the order of $7 cm s 21 , which is roughly consistent with the estimate advective speed from the propagation of the salinity signal. Furthermore, the estimate is similar to velocity ) [Noble et al., 1996] . After the river discharge worked through the system, the salinity levels began to increase after 22 March; and became restratified at MBL, but generally remained less than 50% of the initial values at the start of the study period.
An additional view of the along-estuary salinity structure was obtained during the onset of this discharge event from the hydrographic survey on 15 March (Figure 4) . Consistent with the time series data, the transect salinity around 3 m deep (approximate depth of salinity sensors in the lower bay stations) was between 5 and 10 psu near the region of DI, while further up the estuary, the upper few meters were fresh or nearly fresh. Despite the strong flushing of salinity observed in the time series, the relatively deep ship channel maintained a strong salt wedge that intruded into the bay. Linearly extrapolating the slope of the 2-3 psu contour suggested the salt wedge extended the entire length of the bay. This long intrusion of salt into Mobile Bay indicated that shelf waters were still interacting with the estuarine waters, emphasizing the interconnected nature of the shelf-estuary system despite near flood conditions at this initial stage of the event.
Coastal Response
Discharge from Mobile Bay resulted in a plume that generated significant vertical and horizontal changes in the shelf waters. The outflow event was initiated on 10 March, not by river discharge, which was still relatively low at this point, but from the release of elevated water levels derived from a strong downwelling event on 6-9 March (Figure 3) . As the frontal system passed through the region, the wind direction changed rapidly from southeasterly to northwesterly, which allowed estuarine water to be released in conjunction with the rising levels of river discharge. This was consistent with a drop in estuarine salinity on 10 March, and chlorophyll-a imagery on 11 March showed a region of elevated values to the southwest of the bay mouth (Figure 5a ), indicative of a discharge plume.
With the fresher water advected onto the shelf, there were clear differences in the flow field to the east and west of Mobile Bay on 11 March (Figures 5a, 6a, and 6b) . Lateral shear in the along-shelf current component of the surface flow showed a negative peak at the sites west of Mobile Bay (Figure 3e) , consistent with the westward flow at site CP and eastward flow at site w12 as show in the satellite images. Shear between the sites to the east of the Bay was quite small. This west/east surface velocity difference is similar during other periods associated with the release of stored water in Mobile Bay (e.g., 1 and 6 March), for which discharge plumes are typically observed in satellite data (not shown). There were also differences in the vertical structure of the horizontal velocities (Figures 6a and 6b) . Eastward of the mouth, the inner and outer sites showed a very uniform pattern consistent with the initial onset of upwelling with eastward along-shelf velocities that had very little shear and across-shelf velocities that were onshore at depth and offshore (or trending toward offshore) at the surface. The velocity structure of the western sites was markedly different, particularly the upper third of the water column. At site CP, the surface current was northwestward counter to the northwest wind. At site w12, the flow was eastward in the upper portion of the water, but the along-shelf velocity was much stronger and its structure was more sheared than the eastern sites. Similar to site CP, the across-shelf velocity was onshore in the upper layer. The upper layer structure of the western sites was consistent with a response of large-scale discharge plume entering the shelf, i.e., an anticyclonic turning region. Site CP is located on the outer edge of the discharge plume and the down-shelf and onshore direction of the upper layer flow is consistent with Coriolis altering the structure of the plume. Similarly, site w12 is located about 2 km from the coast and about 10 km down-shelf from the mouth in a region of recirculation, where the plume was directed onshore and back toward mouth. The plume recirculation in the upper water column was impacted by the ambient eastward along-shelf currents leading to reduced westward flow at CP and enhanced eastward flow at w12.
The wind weakened and transitioned from northwesterly to westerly over the course of 12 March and the plume moved eastward and was generally south of the mouth (Figure 5b ). The imagery from 12 March indicated that only CP was interacting with the plume, being at the very edge the region of elevated chlorophylla. While the profiles at all sites were largely consistent with upwelling circulation, i.e., along-shelf eastward flow and the associated offshore surface flow and onshore bottom flow, site CP still retained a noticeably altered surface structure, in which the shear was negative rather than positive as observed at the other sites (Figures 6c and 6d) . This suggests the westward expansion of the plume was muted by the shelf-wide upwelling response, i.e., the westward tending discharge plume encounters an eastward ambient shelf flow resulting near zero surface flow. West of Mobile Bay, there was a noticeable difference in the orientation of a secondary plume exiting from the Mississippi Sound, which had been advected eastward and offshore compared to its position on 11 March. In contrast, the Mobile Bay plume was more circular in shape which was likely due to the difference in the relative strength of the buoyancy forcing between the two plumes when compared to the wind forcing. That is, the smaller scale of plume exiting the Mississippi Sound was more susceptible to wind forcing, and this is further discussed in section 4.3. Regardless, the distinct velocity differences between the eastern and western sites on 10-12 March (Figure 3e ) as well as the change in the vertical structure at the west sites from 11 to 12 March (Figures 6a and 6b ), in conjunction with the change in plume location, clearly indicated that the upper layer of the western sites were influenced by the Mobile Bay discharge.
As the discharge event progressed, the next available image on 15 March showed a period of transition with a weak cold front passing over the area, i.e., southeast wind prior to frontal passage and northwest wind post frontal passage. This wind pattern was quite similar to that which occurred during 8-12 March, however the wind forcing was weaker and the lagged river discharge was stronger at approximately 5000 m 3 s 21 . The eastern sites responded to the eastward wind component, i.e., eastward along-shelf velocities in the upper layer and offshore flow at the surface and onshore flow at the bottom (Figures 6e and 6f) . However, the response at site CP was weak with virtually zero along-shelf flow and weak offshore flow at the surface and weak onshore flow at the bottom. At site w12, the upper layer flow was northwestward, which would be consistent with a down-shelf coastal current. The downwelling wind prior to 15 March imagery would be conducive to coastal current formation (via concentrating the discharge against coast). Although no obvious down-shelf coastal current was visible in the satellite imagery, a very slight knob of high chlorophyll-a was suggestive (Figure 5c ). Velocity in the upper layer at the western sites on the previous day (14 March) was consistent with this notion as site w12 had stronger down-shelf flow and site CP had northwestward flow (not shown).
The shelf component of the hydrographic survey during this time period (15 March) confirmed the presence of a freshwater plume over the inner shelf. There was a very distinct buoyant layer in the upper 2 m which extended just past site CP, consistent with the satellite imagery. The discharge plume experienced a significant depth reduction as it transitioned from the ship channel at the mouth to the shelf, shrinking from approximately 5-6 m to 1.5-2 m. The base of the plume on the shelf was clearly delineated in the profiles of buoyancy frequency, having a very strong peak at 1.75 m at site CP (Figure 7) . However, the profiles of buoyancy frequency also had secondary peaks at lower depths, e.g., 4.0 m at CP and 6.5 m at DM. These secondary peaks coincided with a more diffuse layer of buoyant water, which was the residual accumulation of discharge as the surface plume continuously mixed into the ambient coastal waters. Offshore of this secondary buoyant lens, the water was generally well mixed as illustrated by the small surface to bottom salinity difference and low buoyancy frequency at site C3 (Figure 7) . Interestingly, the hydrographic transect observed a pocket of marginally warmer, fresher surface water well offshore of the Mobile Bay discharge, likely a remnant of Mississippi River discharge, which can impinge on the mid and outer shelf regions of the Mississippi Bight [Schiller et al., 2011] .
On the following day (16 March), the weak cold front passed over the area and the wind rotated to be out of the northwest. This was similar to the meteorological pattern on 11 March; however, the wind forcing
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was weaker and the river discharge was much stronger. This resulted in weak ambient shelf currents and the anticyclonic circulation associated with a bulge region was readily apparent with surface currents at the western sites on the order of 15-20 cm s 21 (Figure 5d ). While there was no clear evidence of a coastal current, the imagery did suggest a narrowing of the plume toward the western end of Dauphin Island. The vertical structure of the upper layer currents at the western sites at the time of the image (not shown) was very similar to that on 11 March. At this point of the event, the wind conditions dropped to relatively low levels ( 3.75 m s 21 ) and the river discharge began to peak over the next 3-4 days. During this time, the chlorophyll-a imagery showed a rapidly evolving plume. Imagery on 17 March indicated expansion of the plume size and an eastward shift of the core (highest chlorophyll-a concentrations) to directly in front of the mouth (Figure 5e ). There was still an anticyclonic circulation to the west of the mouth, although it was more asymmetric with a weaker westward velocity at site CP and a stronger eastward velocity at site w12. On the following day (18 March), the plume structure continued to intensify, expanding both offshore and westward (Figure 5f ). The imagery indicated the formation of a circular region directly in front of the mouth, however the surface velocity data were inconclusive with regard to any anticyclonic circulation that would be expected. While the surface current was toward the mouth at site w12, the surface velocity at site CP was directed offshore rather than onshore. Similarly, the plume continued to expand to the south and east on 19 March (Figure 5g ). Again, no anticyclonic circulation was apparent in the surface currents, however they were consistent with expansion of the plume having very strong offshore currents at site CP and eastward currents at site e19. By 20 March, the far-field plume structure began decaying with the offshore concentration levels becoming patchier (Figure 5h ), despite relative weak winds and high discharge levels. The eastward and continued offshore movement of the plume led to limited plume influence on the western sites, where eastward surface and middepth currents were observed at site CP, indicative of the absence of the plume influence, and almost zero velocity at site w12 which was at the very western edge of the plume signal.
By 21 March, the weather conditions shifted to winds from the southeast and there was a dramatic change in the structure and location of the plume. The structure of the plume was significantly altered with the offshore expansion arrested and the eastward edge extended out along the coastline east of the bay mouth ( Figure 5i ). This is similar to the bidirectional behavior of the Columbia River plume observed by Hickey et al. [2005] , where the offshore extension of the plume was advected against the coast, up-shelf of the source area after the transition from upwelling to downwelling winds. However, the onshore advection was inhibited at site e19. The plume encompassed both the eastern sites and there was a clear difference between 
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the eastern and western sites. The eastern sites had strong eastward surface currents while the western sites had northward surface currents. This east/west difference likely resulted from the influence (or lack thereof) of the plume. At the eastern sites, the shallow nature of the surface advected plume allowed the upper layer to concentrate the wind momentum from the previous 1-2 days of eastward wind forcing, delaying the response time of these sites to the changing wind conditions. While the surface layer at the western sites, largely absent of the highly stratified plume (w12 was at the fringe of the western edge of the plume signal), was able to respond faster on account of the previous days momentum being more readily transferred into the entire water column. Thus, the change in wind forcing more quickly overwhelmed the surface layer inertia at the western sites, altering flow direction. Over the next two days the wind increased in strength and shifted to be southwesterly and the plume was directed southeastward from the mouth (Figure 5j ). The plume was largely between the eastern and western sites and there was only minor spatial variability between the sites with the surface currents directed toward the southeast and the middepth currents generally being in the east-northeast direction. On the following day, imagery on 24 March indicated the plume signal continued to weaken and be advected offshore to the southeast between the eastern and western moorings (Figure 5k ). Again, the eastern and western sites had similar features, although site w12 had weaker currents and some directional differences. The enhanced wind forcing continued altering the trajectory of the plume in a southeastward direction and enhanced the dispersion of the plume.
Discussion
Characteristics of the Plume
Over the course of the discharge event, the structure and dynamics of the Mobile Bay plume underwent significant changes that are a function of both the geographic constraints of the bay mouth and variability in forcing functions over the duration of the study period. In terms of geographic constraints, the bathymetric features of a source region are known to be critical in dictating the structure and dynamics of outflow plumes. The Kelvin number (K) can be used as a measure of the dynamic width of the source region and provides an estimate of the relative importance of Coriolis force in structuring the outflow [Huq, 2009] :
where M is the width of the mouth and R m is the internal Rossby radius at the mouth given by:
where h m is the upper layer depth, f is the Coriolis parameter, g 0 is the reduced gravity at the mouth, g is gravitational constant, q m is the upper layer density, and q a is the ambient water density. When K « 1, plumes are considered small scale, while K > 1 indicates large scale plumes, i.e., Coriolis is important.
Using h m 5 3 m, q a 5 1025 kg m 23 , q m 5 1005 kg m 23 , f 5 7.29 3 10 25 s 21 , and g 5 9.81 m s 22 , R m is estimated to be 10 km. The value of h m used in the estimate is shallower than the observed values in the ship channel (5-6 m) since outside the channel, water depths in Main Pass are typically 3-4 m. Then, with M 5 5.5 km, K 5 0.55, which suggested the plume was of intermediate scale and that Coriolis was expected to have some influence on the outflow structure, that is, rotation should alter the structure of the plume, favoring an anticyclonic turn as the plume exits the mouth. The values of K can change with river discharge levels, via changes in R m (equation (3)), but the estimated intermediate value is representative of large-scale discharge events in Mobile Bay.
In a plume where rotation is important, the structure of the turning region as the plume transitions from the source to the far field is dictated by the relationship between the inertial radius (L i 5 U m /f where U m is the outflow velocity of the plume at the mouth) and the internal Rossby radius of the plume (R p ) [HornerDevine, 2009] . L i dictates the initial offshore penetration of the plume, while R p controls the turning radius of the flow. When L i is small relative to R p , the plume turning radius is ''clipped'' by the coastline and much of the discharge is expected to feed directly into a coastal current as described by Nof [1988] and summarized by Horner-Devine [2009] . In contrast, when L i is comparable to R p , the plume turning is only marginally affected by the coastline and the discharge is able to recirculate forming a robust bulge region that retains
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For the Mobile Bay plume, there are a number of features that would be expected to alter L*, including the angle of the estuarine orientation, sudden narrowing of the estuary at the mouth, presence of a ship channel extending offshore from the mouth, and complex sand bar structure to the west of the mouth. Using laboratory experiments, Avicola and Huq [2003a,b] determined that outflow angle was a major control on plume structure, via impact angle with the coast. Oblique angles enhanced flow into the coastal current, while angles closer to 908 enhanced recirculation into a bulge region of the plume. In the case of Mobile Bay, the relatively perpendicular orientation is expected to promote bulge formation. In addition to the orientation of the estuary, the sudden narrowing of the estuary from about 30 km in the lower bay to 5.5 km at Main Pass, over a relatively short distance, acts as a strong outflow constraint. As discussed by Noble et al. [1996] , this restriction amplifies the outgoing discharge velocity, creating the potential for supercritical flow with F r > 1 where
is the Froude number at the mouth, which is another characteristic that would enhance the offshore trajectory of the discharge plume, i.e., increasing L i . The potential for bulge formation was also likely affected by the presence of a ship channel that extends offshore past the mouth for several kilometers. ValleLevinson et al. [2007] noted that the Chesapeake Bay plume was influenced by the Chesapeake Channel, which leads into the mouth of the system. Valle-Levinson [2012, 2013 ] used a numerical model to determine that extending a submarine channel onto the shelf could modify the plume flow field and subsequent salinity patterns. Thus, the presence of the ship channel should enhance the transport of plume water onto the shelf, i.e., extending the displacement of the budge center and promoting bulge formation. Finally, the Pelican/Sand Island bar complex, just to the west of Main Pass, represents a blockage point to the direct formation of a coastal current as this sand spit has been connected to Dauphin Island for over a decade and extends for approximately 2 km above sea level (and the end protrudes further to the southeast as a very shallow transient bar). The feature stands out in the MERIS imagery as a series of white pixels just to the west of Main Pass (Figure 5) . This boundary will force outflow to advect further offshore before being able to rotate down-shelf.
Given these geographic constraints on the system, it was not surprising that the ocean color and surface velocity data indicated the presence of a bulge feature with anticyclonic circulation during the period of large discharge (although this is the first reporting of this feature in the Mobile Bay plume). The data on 16 March (Figure 5d ) provided a particularly clear example of this feature. To address the first-order dynamics occurring on this day, the discharge proxy (Q T in equation (1)) on the day of and in situ density data for the mouth and shelf regions from the CTD data on the prior day were used to estimate several key dynamical parameters, such as the Rossby number (comparing inertia to rotation), R o 5 U m /(MÁf), and (3) and (4), the outflow velocity of the plume at the mouth was expected to be 32 cm s 21 from U m 5 Q/(MÁh m ). From these properties, the following parameter estimates were made: R o 5 0.8; F r 5 0.42; L i 5 4.4 km; and R p 5 6.7 km. R o being close to O(1) and the marginally subcritical F r indicated that inertia was important but rotation and stratification were also relevant to the dynamics. The importance of inertia was seen in the inertia length scale (L i ), which was nearly as large as R p , resulting in L* 5 0.66.
is bulge length scale, identical to R p in this study) as a critical relationship for determining the proportion of river discharge that flows into the coastal current, i.e., it represents how much of the bulge region is expected to impinge upon the coast. The moderately high value of L* suggested that the center of the recirculation or bulge should be relatively far from shore and that a large fraction of the river discharge should accumulate in the bulge region, consistent with the data available on 16 March.
Subsequent satellite imagery suggested the bulge region continued to grow with time, again consistent with the dynamics indicated by the observed nondimensional values. However, the relationship between the ocean color and velocity data became less clear. This is well illustrated by the 3 day period between 18 and 20 March when wind and tidal conditions were minimal and discharge remained steady at peak values. Despite favorable conditions for bulge growth, the anticyclonic circulation associated with the observed bulge-like feature in the satellite image could not be confirmed with the mooring data. This might have
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resulted from the fixed location of the mooring sites, typically being on the outer edges of the feature. Only site CP was in the interior of the southwest quadrant of the plume during this period, however even at this location, the velocity data appeared to be dominated by an outward spreading rather than any recirculation back toward the coast as would be expected in a stable bulge feature. Despite the huge amount of freshwater entering the system during this 3 day period, there was no evidence of a coastal current either in the velocity data at w12 or in the ocean color data which suggested most of the discharge was in fact recirculating in the budge region and would be consistent with the relationship between unstable growth and the associated disruption of the coastal current [Horner-Devine et al., 2006] .
Plume Response to Wind Forcing
Assessing the relative role of different forcing functions and the response of the plume over the course of the event was limited by the sparse nature of the in situ measurements. However, the existing data could provide some insight into the dynamical characteristics of the plume as it evolved over the course of the event. During the initial and later stages of the event, wind forcing was moderate to strong and clearly impacted the outflow structure as discussed in section 3.3. The ocean color and current velocity data suggested the plume was quite sensitive to wind forcing despite relatively low wind speeds and short fluctuation durations in the subtidal along-shelf wind. For example, over the period spanned by most of the images (11-22 March), the along-shelf wind speed did not exceed 3.75 m s 21 , a value just over the 0.02 Pa criterion used by Lentz and Largier [2006] to delineate between wind forced and nonwind forced conditions and just under the 4 m s 21 criterion used by Kakoulaki et al. [2014] . This response to wind forcing despite relatively weak strength can be examined through the Wedderburn number (W), a nondimensional ratio for the relative importance of wind and buoyancy forcing acting on the discharge plume [Jurisa and Chant, 2012] . The Wedderburn number is defined as:
where s AL is the representative scale of low pass filtered along-shelf wind stress, L is the width of the discharge plume, Dq is the density difference between the plume and the ambient water, and h is the plume depth. When |W| > 1, wind forcing is dominant and positive and negative values indicate upwelling and downwelling favorable conditions, respectively. In contrast, when |W| < 1, buoyancy driven dynamics should be controlling the plume structure.
W was calculated for the period encompassed by the satellite images. Using the satellite imagery, L was determined as the across-shelf distance from the mouth to the off-shore boundary of the plume. Linear interpolation was used between successive images while linear extrapolation was used over several hours prior to and post the initial and final images, respectively. The days without images (3 out of 13 days) were represented as the average between the nearest neighboring images. Using data from the hydrographic survey on 15 March, Dq on the shelf where the plume was located was held constant at 12.5 kg m 23 . Following Avicola and Huq [2003a] , h was calculated using an estimate based on outflow parameters: h 5 (2Qf/g') 1/2 where Q is the fraction of the discharge proxy exiting through Main Pass (Q 5 0.75Q T ) and g' is the reduced gravity at the mouth ($0.19 m s 22 ). The estimated h was consistent with the field data on 15
March: observed plume depth of 1.5-2.0 m versus estimated depth of $1.75 m.
The time series of W indicated that buoyancy forcing was important over the period of satellite imagery, often being as strong as or stronger than wind forcing with |W| < 1 over approximately 53% of the highlighted period (Figure 8 ). The times when the values were close to or exceeded 1 demonstrated that wind forcing did have a dynamical role despite the large volume of discharge exiting Mobile Bay. This is largely consistent with the observed shifts in the plume position discussed in section 3.3. Some differences in the plume behavior, i.e., lack of a bulge region on 12 March when W < 1, may be the result of some assumptions associated with the calculations of W such as inaccuracies in the estimates of Dq and h over the course of the event as well as ignoring the potential importance of cross-shelf wind in flushing the estuarine system. However, as river discharge increased (Figure 3a) , the observations of the plume behavior became more consistent with the dynamical expectations predicted by W (Figure 8c ).
Factors contributing to the observed dynamical response of the plume can be further explored by examining U m (a proxy for the initial momentum associated with the discharge at the mouth), wind stress, and L*.
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The time series of U m was estimated by dividing the estuarine discharge proxy (Q T in equation (1)) by the plume cross-sectional area at the mouth (using the width of the mouth and assuming a plume depth at the mouth of 3 m). Estimation of L* over the period encompassed by the satellite images was limited by the lack of in situ data. However, a coarse estimation was made based on the h values used for the calculation of W (equation (4)) and the density values for the plume and ambient shelf water from the 15 March hydrographic survey. These dynamical parameters of U m , wind stress, and L* are shown in Figure 8 . After the initial increase in U m and L* due to the increasing river discharge, values remained relatively constant over the subsequent period of satellite imagery (Figures 8b and 8d) . During the later stages of the ramp-up with relatively high values of U m and L*, the bulge circulation was relatively well formed (16) (17) (18) . This period of time was concurrent with light downwelling winds favoring bulge formation. Following this period, despite U m and L* remaining relatively constant, the transition to light upwelling winds disrupted The relatively constant momentum input at the mouth, in conjunction with relatively weak wind forcing, suggests that internal changes in the plume characteristics (e.g., depth and width) were responsible for the enhanced susceptibility of the plume to wind forcing as the discharge event progressed. In general, the shallow nature of the discharge plume made the outflow from Mobile Bay highly susceptible to wind forcing and as the plume expanded offshore, increasing L, the available wind forcing became more effective in modifying the plume structure, via weakening of the density gradients. The response of the Mobile Bay plume to very low wind conditions has been previously observed by Dinnel et al. [1990] , who found 3 day wind values greater than 1 m s 21 could shift the plume position to the east.
Conclusions
A series of opportunistic observations captured the coupled estuarine-shelf interactions as the Alabama coastal region transitioned from a period of low to flood river discharge conditions. As the fresh water discharge progressed onto the shelf, estuarine influences began to strongly affect the shelf characteristics via a surface advected discharge plume. This study identified differences in the shelf circulation to the east and west of the bay mouth during periods of high discharge. These periods of high discharge were derived from both wind forcing (10-12 March) and river discharge (13-24 March). The results of this study confirmed the suggestions of previous work in the region [Dzwonkowski and Park, 2012; Dzwonkowski et al., 2014] that the structure of the spring seasonal velocity profiles at site CP (and regions west of the bay mouth in general) are significantly impacted by estuarine outflow. More importantly, this is the first study to identify the formation of a bulge region by the buoyancy discharge from Mobile Bay. The observed bulge region and associated anticyclonic circulation has only been identified in a few systems, including Columbia River [Horner-Devine, 2009 ] and Hudson River [Chant et al., 2008b] , but has significant implications on transport and fate of river discharge and associated materials. The available satellite images did not clearly show the formation of a coastal current during this discharge event although the velocity data did suggest that a coastal current might have formed during a 2 day gap in satellite coverage during a downwelling period. Limited transport of freshwater into a coastal current would be consistent with the geomorphology of the region around Main Pass (e.g., near perpendicular outflow angle and presence of an offshore ship channel) and the dynamical characteristics of the Mobile Bay plume (e.g., intermediate Rossby number at the mouth and moderately high L*). There were times when the velocity data and satellite imagery behaved in unexpected ways, e.g., 18-20 March, but data limitations prevented detailed analysis during this period. At the plume's peak size, it extended well beyond the 30 m isobath, reaching approximately 60 km offshore.
Despite the large outflow and relatively mild wind conditions during the discharge event, wind forcing was still an important factor in structuring the outflow plume. The shallow nature of the discharge plume as well as the large offshore extent of the plume allowed relatively low winds to be dynamically important in controlling the structure and fate of river discharge from Mobile Bay. This was clearly illustrated by the sequential images that provided a relatively rare spatially synoptic view of the structural evolution of a discharge plume in response to changing environmental conditions. During the 13 day period when satellite data were available, the surface advected plume was exposed to a range of wind conditions which strongly modulated the surface structure as would be typically expected; downwelling winds resulted in a westward elongation of the plume and upwelling winds reversed and widened the plume. In addition, during the observed transition from upwelling to downwelling between 19 and 21 March, the plume reached its maximum eastward extension along the coastal boundary, consistent with the offshore extension being advected against the coast.
As in other regions of freshwater influence, the structure and dynamics of the Mobile Bay plume are critical to regional circulation during the spring season, the period of peak river discharge. The observed bulge recirculation region provided a means of riverine/estuarine water retention (i.e., limited or lack of downJournal of Geophysical Research: Oceans
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shelf transport) as well as rapid cross-shelf transport. As demonstrated in this study, monitoring and mapping of the transport pathways of the Mobile Bay plume during a range of environmental conditions will improve valuable insights on the temporal and spatial variability of key parameters (e.g., suspended sediments, nutrients, and buoyancy) that contribute to regional water quality and living resources.
